I. INTRODUCTION
Three-phase voltage-source pulse-width-modulation (PWM) converters are among the most widely used power electronics converters for power conversion application in many area [1] . In current applications, three-phase (voltagesource) converters are widely used for AC motor drives [2] , PWM rectifiers [3] [4] , grid connected converters [5] [6] and renewable energy converters [7] [8] . Different kinds of PWM methods can be used for three-phase converters. Space vector PMW (SVPWM) and discontinuous PWM (DPWM) are two typical modulation methods [9] - [12] .
Usually, switching frequency is fixed for PWM methods for three-phase converters. There are several reasons to use constant switching frequency PWM. First, the realization is easier in micro controller. Second, it is easier for filter design to attenuate certain harmonics. For converter thermal design issue, with constant switching frequency, switching losses are easier to control and the design could be based on the loss calculation. However, simply treating the switching frequency to be constant could lose an important freedom for system performance improvement. Also, because switching energy converges to the harmonics of switching frequency, the electromagnetic interference (EMI) noise peak values will also be high around these frequencies, making the EMI problem serious. Beside the constant switching frequency PWM (CSFPWM), variable switching frequency PWM (VSFPWM) is going to be developed to utilize the freedom of switching frequency. This paper is the first part of the two papers discussing the current ripple arrangement based variable switching frequency PWM. This part mainly deals with the principle of ripple current distribution in threephase PWM converters as the basis for the part II of the two papers.
Current ripple is an important requirement for design and control of three-phase PWM converters. CSFPWM generates current ripple which is not equally distributed. Compared with CSFPWM, VSFPWM could achieve better current performance with the extra variable of switching frequency.
For recent VSFPWM methods for three-phase PWM converter, a general problem is lacking theoretically analysis of current ripple. Therefore the switching frequency variation laws cannot be designed to precisely arrange the current ripple. Reference [11] and [12] discussed the harmonic flux and Harmonic Distortion Function (HDF) to evaluate the ripple current, but mainly studied the overall effect but not ripple current distribution in time-domain. Reference [17] and [18] proposed current ripple improved PWM methods by arranging the pulses position in each switching period. These papers have studied the details of current ripple in each switching period, but keeping the constant switching frequency and have not studied the current ripple distribution. Reference [19] and [20] extended these concepts to five-phase voltage-source converter and studied their influence on the Total Harmonic Distortion (THD), but do not fully study the current ripple distribution.
Based on the detailed analysis of ripple current distribution, reference [21] proposed variable switching frequency method for single-phase inverter. The ripple current in each switching cycle could be predicted with the duty cycle d, switching period T s , output inductance L and DC voltage V dc . Then the switching frequency could be arranged to control the current ripple to satisfy certain requirements including peak current ripple and RMS current ripple requirement. With the proposed VSFPWM methods, switching losses of single phase converter could be reduced together with satisfying the ripple requirement.
The case of ripple current in three-phase converter is more complex than single phase since the ripple current in each phase is impacted by the switching actions for all three phases. This paper extends the similar principle of reference [21] to three-phase converter to further study the ripple current distribution for this kind of converters and establish the basis for VSFPWM methods for the paper "Variable Switching Frequency PWM for Three-phase Converter for Loss and EMI Improvement". After the introduction, the current ripple analytical expressions are studied in Section II, based on eight different Thevenin equivalent circuits for the eight different voltage vectors. The ripple current peak value and RMS value are compared in Section III, and verified with simulation results. Experimental platform is built and experimental results are shown in Section IV to verify the theoretical analysis. Finally conclusions are made in Section V to be prepared for VSFPWM development. 
II. CURRENT RIPPLE ANALYTICAL EXPRESSIONS
Pick one typical switching period for example, without losing generality, assuming that d a >d b >d c . With SVPWM, the switch state has 7 sectors, shown in Fig.1 . In each of the sector, a certain combination of voltage is added in the output inductor and the current in the inductor will linearly increase or decrease in this sector, the ripple current variation in one switching cycle will also have 7 sectors, shown in Fig.2 . Fig. 3(a) . Based on the Thevenin equivalent circuit of phase-B and phase-C paralleled branches, the equivalent circuit of this switching state is also shown in Fig. 3(a) . Then the current slope in phase-A inductor could be derived and shown in (2), considering the average value of the phase voltage in (1), the expression could be written in (3).
In the second sector, vector x V is added, (in this case,
x V =(100)), the equivalent circuit is shown in Fig. 3(b) . Similar kind of Thevenin circuit is derived in Fig. 3(b) , too.
The current slope is derived as (4). In the third sector, vector y V is added, (in this case, y V =(110)), the equivalent circuit is shown in Fig.3 (c) together with the Thevenin equivalent circuit. The current slope is derived as (5) . In the fourth sector, vector ) 111 (
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is added, the equivalent circuit of this switching state is shown in Fig.3 (d), together with the Thevenin equivalent circuit. The slope of i a is derived in (6).
Then in the sector 5, 6 and 7, the voltage vectors and the current slope are the same with sector 3, 2 and 1, the current ripple waveform in this switching cycle is shown in Fig. 2 In each switching-period of the three-phase converter, 4 of 8 voltage vectors are applied. Based on the Thevenin equivalent circuit in Fig.3 , the slope of the current ripple could be derived and summarized in Table. 1. 
Similarly, the current ripple of phase B and phase C could also be analyzed like that.
For SVPWM, as shown in Fig.4 , the current ripple in one switching cycle has 7 linear parts in the whole switching cycle. The effective times for the 7 sectors are shown in Fig.4 . The current ripple is anti-symmetric between first and second half. Assuming the ripple current slope for V x and V y are k 1 and k 2 , calculated in Table. 1. The ripple current turning point values are shown in (7), the value of x and y could be either positive or negative. Then based on Fig. 4 , the peak current ripple in one switching cycle is max(|x|,|y|). The ripple current RMS value could also be derived from 
If DPWM is used instead of SVPWM, the current ripple could be different. The ripple in one switching cycle could have 5 linear sectors. The case with DPWM will also be studied in this paper. The analytical expressions of DPWM are also studied based on the current slope in Table. 1.
With DPWM, the minimum duty cycle is clamped to 0 or maximum duty cycle is clamped to 1, the corresponding current ripple in one switching cycle is shown in Fig. 5(a) and Fig.5(b) . Different from SVPWM, the ripple current of DPWM only has five linear parts in one switching period.
For the DPWM in Fig.5 , assuming ripple current's slope under zero vector is k 1 , the ripple current's slope under the voltage vector near the zero vector is k 2 , then the ripple current turning value could be written in (9) . The current ripple peak in one switching cycle in DPWM is also max(|x|,|y|), the ripple current RMS value could also be derived from Fig.5 as (10). Similarly, ripple current could be re-constructed for DPWM, with the same cases. The theoretical predicted current ripple waveforms are shown in Fig.7 , with one lineperiod waveform and enlarged detail in one switching cycle.
Comparing with Fig.6 , the current ripple value is obviously larger with DPWM than SVPWM. The current ripple distribution is not equal either. In Fig.6 , seven sectors could be found in the enlarged one switching cycle, but for DPWM, five sectors appear in the same time period in Fig.7 . Then by sweeping the modulation index from 0.1 to 1.1, the ripple current peak-to-peak value could be predicted in Fig. 8 . The ripple peak value of DPWM covers all that of SVPWM in the whole range. Fig.9 shows the comparison of ripple current RMS value (calculated by (8) and (10)) with SVPWM and DPWM with different modulation index. DPWM could generate obviously bigger ripple current RMS value than SVPWM and have bigger THD. Comparison between analytical results and simulation results are studied to verify the prediction. The simulation model is simulated in MATLAB/SIMULINK as a gridconnected inverter with 400V DC-link voltage and 500μH out-put inductor. The system circuit is shown in Fig.10 . This topology could represent general three-phase converter with AC loads like motor, grid and passive loads. Ripple current in the simulation result is defined as the error between phase-current and average model result. The predicted current ripple fits the simulation result well for both SVPWM and DPWM. The ripple current is the error between phase current and its average value. Fig.13 shows the ripple current in simulation and theoretical prediction in one line-period (60Hz). The enlarged details of the ripple currents are also shown in Fig.13 . The overall waveform of the simulation result is very close to the theoretical predicted result, so does the enlarged details. Fig.14 shows that the theoretical predicted current ripple peak value well fits the simulation results. The ripple current RMS value is 0.798A and THD is 11.2%, well fitting the theoretical predicted value (0.803A and 11.3%). 15 shows the simulation results of the three-phase current with DPWM for the same case. Picking phase-A for example, the phase current and its average value is shown in Fig.16 . The ripple current comparison is shown in Fig.17 with one line-period waveform and enlarged details, simulation results well fit the theoretical predicted current ripple value. The predicted ripple current peak value also fits the simulation results well in Fig.18 . The simulated ripple current RMS value is 1.320A and the THD of 18.51%, which is nearly the same of the predicted results of 1.320A and 18.51% . Experimental results of three phase current with SVPWM and DPWM are shown in Fig.21 and Fig.22 . Picking phase-A to study for both SVPWM and DPWM, experimental results are selected with one line cycle. With FFT analysis, the amplitude and phase-angle of the current could be derived, and the fundamental current (average current) could be re-constructed. The comparisons of phase current and its average value are shown in Fig.23 and Fig.24 . The error between phase current and its average value is the current ripple. The comparison between the current ripple of experimental results and analytical predicted ripple peak are shown in Fig.27 and Fig.28 for SVPWM and DPWM. The experimental ripple is fitting well with the predicted ripple peak value (red line).
The predicted RMS current for the SVPWM is 1.04A and the experimental result of ripple current RMS value is 1.02A; the predicted RMS current for DPWM is 1.58A and the experimental result of ripple current RMS value is 1.50A. The prediction errors are 2% for SVPWM and 5% for DPWM. The prediction errors are mainly caused by deadtime effect, parameter non-ideality and probe errors. sectors of current ripple in each of the switching cycle, which is determined by the duty cycles of each phase. Then the current ripple and its peak value and RMS value could be predicted for the whole line period. Simulation and experimental results show that the prediction is precise. 3. DPWM has obviously bigger ripple peak value and RMS value than SVPWM for the same condition, although the switching losses are effectively reduced. 4. Ripple current distribution for three-phase PWM converter is varying in one line cycle, which provides a space for further improve by switching frequency variation.
With the analytical current ripple developed in this paper, the ripple current in three-phase PWM converter could be predicted in the controller before pulses are generated, and the switching period could be adaptive for certain ripple requirement. The application of analytical ripple current method in this paper could most benefit the variable switching frequency control for three-phase PWM converter, which is discussed in the other paper in APEC 2012: Variable Switching Frequency PWM for Three-phase Converter for Loss and EMI Improvement.
